1. Introduction {#sec1}
===============

Oxygen and nutrients are essential for tumor growth and are supplied primarily by angiogenesis, which recruits blood vessels to solid tumors through the stimulation of vascular endothelial cells \[[@bib1]\]. However, recent studies have implicated vasculogenic mimicry (VM) as an alternative mechanism of neovascularization. VM is a phenomenon in which mosaic vessels from tumor cells \[[@bib2]\]. Although VM does not require vascular endothelial cells, the vessels formed by tumor cells mimic the function of endothelial cells \[[@bib3]\].

VM occurs in the extracellular matrix (ECM)-rich region, differentiating it from angiogenesis. Interactions between tumor cells and their surroundings are necessary for VM \[[@bib4]\]. Further, VM provides growing tumors with sufficient blood perfusion, promotes cancer metastasis and progression, and is widely observed in various solid cancers, such as lung, breast, and melanoma \[[@bib5], [@bib6], [@bib7], [@bib8]\]. Thus, VM is a reasonable and attractive target for cancer therapy, like angiogenesis.

Carcinoembryonic antigen cell adhesion molecule 1 (CEACAM1), also known as biliary glycoprotein and CD66a, is a transmembrane glycoprotein that belongs to the CEACAM family. CEACAM1 is broadly expressed in epithelial, endothelial, lymphoid, and myeloid cells \[[@bib9]\]. CEACAM1 forms homodimers and heterodimers with CEACAM5 or CEACAM6 for cell-cell adhesion and intracellular signaling \[[@bib10], [@bib11], [@bib12]\]. CEACAM1 is differentially expressed, depending on the tumor type. For example, CEACAM1 is dysregulated in several tumors compared with normal tissues, such as colorectal, prostatic, and breast cancers, indicating that CEACAM1 functions as a tumor suppressor \[[@bib13], [@bib14], [@bib15]\]. However, CEACAM1 is upregulated and promotes tumor progression in several tumors, such as melanoma and lung cancer \[[@bib16],[@bib17]\], and the upmodulation of CEACAM1 increases microvascular density and correlates with the development of distant metastases in non-small-cell lung carcinoma \[[@bib12]\], suggesting that CEACAM1 is oncogenic.

In this study, we examined the development of VM using common *in vitro* methods \[[@bib18], [@bib19], [@bib20]\]. We established CEACAM1-overexpressing HT1080 cells and found that CEACAM1 suppresses VM-like network formation on Matrigel in HT1080 cells. Further, CEACAM1 negatively regulates cell proliferation, and migration. In contrast, knockout (KO) of CEACAM1 inhibits the development of VM-like networks and migration in SK-MEL-28 cells. Several roles for CEACAM1 have been reported in cancer malignancy; thus, our results indicate that CEACAM1 is a novel cell-dependent regulator of VM.

2. Materials and methods {#sec2}
========================

2.1. Western blot {#sec2.1}
-----------------

For the western blot analysis, we used a slightly modified version of a previous method \[[@bib21], [@bib22], [@bib23], [@bib24], [@bib25]\]. Cells were lysed in lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.1% (w/v) SDS, 1% (v/v) Triton X-100, 1% (w/v) sodium deoxycholate, and 1 mM PMSF) at 4 °C with sonication. The lysates were centrifuged at 15,000×*g* for 10 min. Loading buffer (350 mM Tris-HCl, pH 6.8, 30% (w/v) glycerol, 0.012% (w/v) bromophenol blue, 6% (w/v) SDS, and 30% (v/v) 2-mercaptoethanol) was added to each lysate. After electrophoresis, proteins were transferred to polyvinylidene fluoride membranes and immunoblotted with anti-c-myc (9E10 hybridoma culture supernatant, Developmental Studies Hybridoma Bank, USA), anti-α-tubulin (\#T5168, Merck KGaA, Germany), or anti-CEACAM1 (sc166453, Santa Cruz Biotechnology). Signals were detected by ECL using Western Lightning Plus-ECL (PerkinElmer, Inc., USA).

2.2. VM-like network formation assay {#sec2.2}
------------------------------------

HT1080 and SK-MEL-28 cells, suspended in culture medium, were seeded at 1.6 × 10^4^ cells/well or 2.0 × 10^4^ cells/well in 96-well plates that precoated with 40 μL/well Matrigel (Corning Inc., USA) and cultured at 37 °C. These cells were photographed at 4 and 6 h after seeding. We quantified VM-like network formation as described \[[@bib26]\].

2.3. Wound healing assay {#sec2.3}
------------------------

HT1080 cells and SK-MEL-28 cells were seeded at 2 × 10^5^ cells/well in 24-well plates, cultured for 24 h to approximately 90% confluence, and wounded using a yellow pipette tip (WATSON, Japan). After being washed twice with PBS, the cells were cultured in serum-free DMEM for 12 and 24 h. Photographs were taken of 4 independent areas, and the areas of migration were quantified using ImageJ 1.51 (National Institutes of Health, Bethesda, MD, USA) \[[@bib27],[@bib28]\].

2.4. Cell culture, plasmid construction; establishment of CEACAM1-overexpressing HT1080, CEACAM1-KO SK-MEL-28, and CEACAM1-rescued SK-MEL-28 cells; RNA extraction and semiquantitative PCR; cell proliferation assay; and statistical analysis {#sec2.4}
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Cell culture; plasmid construction; generation of CEACAM1-rescued SK-MEL-28, CEACAM1-overexpressing HT1080, and CEACAM1-KO SK-MEL-28 cells using the CRISPR/Cas9 system; RNA extraction and semiquantitative PCR; cell proliferation assay; and statistical analysis are described in Supplementary Materials and Methods.

3. Results {#sec3}
==========

3.1. Expression of CEACAM1 in various cancer cell line cultures {#sec3.1}
---------------------------------------------------------------

The expression of CEACAM1 varies, depending on the type of cancer \[[@bib13], [@bib14], [@bib15], [@bib16], [@bib17]\]. We measured endogenous CEACAM1 levels by semi-quantitative RT-PCR and western blot in various cancer cell lines. CEACAM1 expression was high in SK-MEL-28 and HepG2 cells but absent in HT1080 and PC-3 cells ([Fig. 1](#fig1){ref-type="fig"}A and B). These results indicate that CEACAM1 expression depends on the cancer cell type.Fig. 1Expression of endogenous *CEACAM1* mRNA in various human cancer cell lines.(A) Total mRNA was isolated from HT1080, SK-MEL-28, HepG2, HCT116, PC-3, and A549 cells, and semi-quantitative RT-PCR was performed. (B) HT1080, SK-MEL-28, HepG2, HCT116, PC-3, and A549 cells were cultured, and the cell lysates were immunoblotted with the indicated antibodies.Fig. 1

3.2. Suppression of VM-like network formation in HT1080 cells by CEACAM1 overexpression {#sec3.2}
---------------------------------------------------------------------------------------

Because we reported that HT1080 cells have the potential to form a VM-like network on Matrigel \[[@bib29]\], we used HT1080 cells to measure CEACAM1 function with regard to VM. To determine whether CEACAM1 affects formation of a VM-like network, we established a CEACAM1-overexpressing HT1080 cell line ([Fig. 2](#fig2){ref-type="fig"}A) and assessed its ability to form such a network on Matrigel. Network formation on Matrigel was significantly suppressed by the overexpression of CEACAM1 ([Fig. 2](#fig2){ref-type="fig"}B and C), suggesting that CEACAM1 inhibits VM-like network formation in HT1080 cells.Fig. 2Effect of CEACAM1 overexpression on VM-like network formation in HT1080 cells.(A) Generation of CEACAM1-overexpressing HT1080 cells. Control (Luc) and CEACAM1-overexpressing HT1080 cells were cultured, and the cell lysates were immunoblotted with the indicated antibodies. (B and C) Inhibition of VM-like network formation by overexpression of CEACAM1 in HT1080 cells. Cells were seeded on Matrigel-coated wells, photographs were taken at 6 h after seeding (B), and the number of tubes was counted in 6 independent randomly selected fields (C). Scale bar, 100 μm. (D and E) Suppression of cell migration by overexpression of CEACAM1 in HT1080 cells. Cells were scratched and photographed under an inverted microscope at 0 and 12 h after the scratch. Photographs of 4 independent areas were taken; (D) the quantitative analysis of the relative area of migration is shown (E). Scale bar, 500 μm. (F) Suppression of cell growth by CEACAM1 in HT1080 cells. Luc and CEACAM1-overexpressing HT1080 cells were seeded at 1.2 × 10^4^ cells/well in 12-well plates and cultured for 3 h. Cells were recovered by trypsinization and counted using a hemocytometer every 24 h. Data shown are means ± SD. *\*P* \< 0.05.Fig. 2

Because CEACAM1 contributes to cancer migration \[[@bib30]\], we examined whether CEACAM1 expression regulates cancer cell migration in HT1080 cells by wound-healing assay. The overexpression of CEACAM1 decreased the migration of HT1080 compared with control cells ([Fig. 2](#fig2){ref-type="fig"}D and E). Further, CEACAM1 expression significantly lowered the proliferation of HT1080 cells versus the control ([Fig. 2](#fig2){ref-type="fig"}F). These results demonstrate that CEACAM1 is a tumor suppressor in HT1080 cells.

3.3. Knockout of CEACAM1 inhibits VM-like network formation in melanoma cells {#sec3.3}
-----------------------------------------------------------------------------

CEACAM1 is upregulated in human melanoma cells compared with human melanocytes and promotes cancer \[[@bib16]\]. Consistent with this finding, CEACAM1 levels were higher in SK-MEL-28 cells than other cancer cell lines ([Fig. 1](#fig1){ref-type="fig"}A and B). To examine the function of CEACAM1 in VM, we established CEACAM1-KO SK-MEL-28 cells using the CRISPR/Cas9 system. Guide RNA sequences were designed at 2 close positions in exon 2 of CEACAM1 to avoid off-target risks. The resulting constructs were coinfected into Cas9-expressing SK-MEL-28 cells, and CEACAM1-KO clones were selected ([Fig. 3](#fig3){ref-type="fig"}A). Using the established cell line, we assessed the ability of CEACAM1-KO SK-MEL-28 cells to form VM-like networks. Network formation on Matrigel was completely inhibited by knockout of CEACAM1 ([Fig. 3](#fig3){ref-type="fig"}B and C), suggesting that CEACAM1 is necessary for VM-like network formation in SK-MEL-28 cells.Fig. 3KO of CEACAM1 inhibits VM-like network formation in SK-MEL-28 cells.(A) Generation of CEACAM1-KO SK-MEL-28 cells. Parental and CEACAM1-KO SK-MEL-28 cells were cultured, and the cell lysates were immunoblotted with the indicated antibodies. (B and C) VM-like network formation was completely abolished by KO of CEACAM1 in SK-MEL-28 cells. Cells were seeded on Matrigel-coated wells, photographs were taken at 4 h after seeding (B), and the number of tubes was counted in 6 independent, randomly selected fields (C). Scale bars, 100 μm. (D and E) Inhibition of cell migration in CEACAM1-KO SK-MEL-28 cells. Cells were scratched and photographed under an inverted microscope 0 and 24 h after the scratch. Photographs were taken of 4 independent areas (D); the quantitative analysis of the relative area of migration is shown (E). Scale bars, 500 μm. Data shown are means ± SD. *\*P* \< 0.05.Fig. 3

CEACAM1 promotes migration in melanoma cells \[[@bib31]\]. Because the deletion of CEACAM1 inhibited VM-like network formation in SK-MEL-28 cells, we examined whether CEACAM1 regulates cancer cell migration and proliferation as in HT1080 cells. By wound-healing assay, migration was suppressed by knockout of CEACAM1 in SK-MEL-28 cells ([Fig. 3](#fig3){ref-type="fig"}D and E), but their proliferation did not change significantly (data not shown). These results indicate that CEACAM1 promotes migration in melanoma cells without altering cell growth.

3.4. CEACAM1 is essential for VM-like network formation in SK-MEL-28 melanoma {#sec3.4}
-----------------------------------------------------------------------------

To confirm that CEACAM1 is necessary for VM formation, we performed CEACAM1 rescue experiments. We introduced Cas9-resistant CEACAM1 plasmids into CEACAM1-KO SK-MEL-28 cells transiently. Re-expression of CEACAM1 was confirmed by western blot ([Fig. 4](#fig4){ref-type="fig"}A). VM-like network formation was recovered on reintroduction of CEACAM1 ([Fig. 4](#fig4){ref-type="fig"}B and C), indicating that CEACAM1 is essential for VM-like network formation in SK-MEL-28 cells.Fig. 4Reintroduction of CEACAM1 to CEACAM1-KO SK-MEL-28 cells recovers VM-like network formation.(A) Reintroduction (rescued) of CEACAM1 to CEACAM1-KO SK-MEL-28 cells. CEACAM1-KO and CEACAM1-rescued SK-MEL-28 cells were cultured, and the cell lysates were immunoblotted with the indicated antibodies. (B and C) VM-like network formation was recovered in CEACAM1-rescued SK-MEL-28 cells. Cells were seeded on Matrigel-coated wells, photographs were taken at 24 h after seeding (B), and the number of tubes was counted in 6 independent, randomly selected fields (C). Scale bar, 100 μm. Data shown are means ± SD. *\*P* \< 0.05.Fig. 4

4. Discussion {#sec4}
=============

There are many phenomena that are involved in the progression of cancer, such as the EMT, invasion, migration, angiogenesis, and VM, the latter of which has been proposed to contribute to malignancy in recent years. In this study, in examining a novel regulator of VM, we found that CEACAM1 is critical in its occurrence. We compared CEACAM1 levels in several cancer cell lines by semiquantitative RT-PCR and western blot ([Fig. 1](#fig1){ref-type="fig"}A and B). In previous studies, CEACAM1 expression was high in SK-MEL-28 and HepG2 cells \[[@bib17],[@bib32]\], as in our results, whereas it was absent in HT1080 cells and PC-3 cells.

Thus, to examine the relationship between CEACAM1 and VM, we analyzed HT1080 cells, which do not express CEACAM1. Enforced expression of CEACAM1 in HT1080 cells suppressed VM-like network formation ([Fig. 2](#fig2){ref-type="fig"}A--C). Because CEACAM1 is a cell-cell adhesion molecule \[[@bib10]\], it is presumed that it self-aggregates to suppress VM-like network formation. Moreover, VM formation is often observed in ECM-rich regions, and CEACAM1 is a cell surface receptor of ECM components, such as collagen, laminin, and fibronectin \[[@bib33]\]. These results suggest that cell surface receptors, including CEACAM1, mediate VM.

We determined the effects of the overexpression of CEACAM1 on cancer cell functions, such as migration and proliferation. The migration and proliferation of CEACAM1-overexpressing HT1080 cells decreased ([Fig. 2](#fig2){ref-type="fig"}D--F). In several cancer cell lines, CEACAM1 expression correlated with low invasiveness and migration, such as multiple myeloma and breast cancer \[[@bib30],[@bib34]\]. Consistent with the VM results in HT1080 cells, our study suggests that CEACAM1 overexpression inhibits cancer progression.

Conversely, in SK-MEL-28 cells, deletion of CEACAM1 suppressed VM-like network formation, which was recovered by reintroducing CEACAM1 ([Fig. 4](#fig4){ref-type="fig"}A--C). These results indicate that CEACAM1 is necessary to form the VM-like network in SK-MEL-28 cells. We also analyzed the effects of CEACAM1-KO on migration and proliferation. KO of CEACAM1 suppressed cell migration but not cell proliferation in SK-MEL-28 cells ([Fig. 3](#fig3){ref-type="fig"}D--F). Similarly, CEACAM1 does not affect cell proliferation in melanoma \[[@bib35]\].

In this study, we have demonstrated that CEACAM1 is an important cell-dependent, negative and positive regulator of VM-like network formation. Notably, our data are consistent with previous reports-CEACAM1 is oncogenic in melanoma, and in other tumors that express low levels of CEACAM1, it acts as a tumor suppressor. Thus, the level of CEACAM1 might be a good diagnostic marker for tumors, and VM might contribute CEACAM1-mediated malignancy.
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